A comparison of the performance of different age-based paediatric weight estimation formulae in Hong Kong children 比較不同以年齡為基礎的兒童體重估算公式用在香港兒童的表現 JLT So 蘇樂進, EPF Chow 周沛峯, GN Cattermole 郭智思, CA Graham 簡家簾, TH Rainer 譚偉恩 Objective: To evaluate the performance of five existing age-based weight estimation formulae -the original and updated Advanced Paediatric Life Support (APLS) formulae, Luscombe formula, Best Guess formula, Chinese Age Weight Rule (CAWR) -as well as a new two-part weight estimation formula, the Chinese Age Weight Rule-3 (CAWR-3), in Hong Kong children presenting to the emergency department (ED). Methods: Data based on children aged 1-12 who presented to the ED of a tertiary referral centre in Hong Kong over a six-month period. Actual weight was compared against estimated weight from the weight estimation formulae. Level of agreement was assessed by Bland-Altman analysis using mean percentage difference (MPD) and 95% limits of agreement (LOA). Root mean squared error (RMSE) and proportions of weight estimates within 10%, 15% and 20% of actual weight were calculated. Results: A total of 4600 children were included. The CAWR-3 outperformed the five existing weight estimation formulae. The CAWR-3 had the least MPD in age 4-12 (MPD +3.2%), as well as the second least MPD in age 1-12 (MPD -0.7%). The CAWR-3 had narrowest 95% LOA in age 1-3 (95% LOA -32.6% to 21.9%) and the second narrowest 95% LOA in age 1-12 (95% LOA -37.5% to 36.1%). The CAWR-3 had the smallest RMSE of 6.33 kg in age 4-12 and the smallest RMSE of 4.90 kg in age 1-12. Furthermore, the CAWR-3 had the highest proportion of weight estimates within 10%, 15% and 20% of actual weight. Conclusion: The CAWR-3 outperforms the five existing age-based weight estimation formulae in Hong Kong children presenting to the emergency department. (Hong Kong j.emerg.med. 2016;23:3-12) 目的：評估現有的五個以年齡為基礎的體重估算公式，在到診急診室（E D ）的香港兒童的表現  高級兒科生命支持原版和更新公式，勒斯科姆公式，最佳推測公式，中國年齡體重規則（CAWR），以 及一個新的分兩步體重估算公式-中國年齡體重規則 -3（CAWR-3）。方法：數據基於 6 個月內到診香 港一所ED的1-12歲兒童。比較估算公式推定的重量和實際重量的一致性。一致性的水平以奧特曼分析， 用平均百分比差異（MP D）和一致性的 95 ％界限（LOA）評估。計算均方根誤差（RMS E）和估計 體重在實際重量的10％、15％和20％以內的比例。結果：共包括有4600名兒童。CAWR-3的表現優於現 有的五個體重估算公式。 CAWR-3 的 MPD 在 4-12 歲兒童最小（MPD +3.2％），在 1-12 歲年齡層 MPD （MPD -0.7％）為第二最小。在 1-3 歲兒童 CAWR-3 的 95％LOA（95％LOA -32.6％至 21.9％）為最 窄，在 1-12 歲的 95％LOA（95％LOA -37.5％至 36.1％）為第二最窄。 CAWR-3 在 4-12 歲兒童的 RMSE 為 6.33 公斤屬最小，在 1-12 歲兒童的 RMSE 為 4.90 公斤也是最小。此外， CAWR-3 的重量估計在實際
Introduction
In paediatric resuscitation, many interventions, such as medication dosages, intravenous fluid requirements, defibrillation energy levels, tracheal tube sizes and ventilator tidal volume settings, are all determined based on the weight of the child. However, it is not always possible or practical to weigh every acutely unwell child on a calibrated digital scale before instituting any interventions. In the absence of an actual weight measurement, a simple, rapid and accurate weight estimation method is necessary in order to deliver optimal paediatric emergency care.
Various weight estimation methods have been described in the literature. The two most commonly used weight estimation methods are age-based weight estimation formula and the Broselow tape, a lengthbased weight estimation device. [1] [2] [3] [4] The Broselow tape has been shown to be an accurate weight estimation method. 2, 3 However, the tape overestimates weight in children over 25 kg, 3, [5] [6] [7] and many schoolchildren are taller than the physical limits of the Broselow tape, rendering the tape inappropriate for use in older children. 8 Moreover, the tape is expensive, requires the physical presence of the child, and as the tape is measured against a supine child, it would be clinically inappropriate for use in patients with conditions such as acute epiglottitis. 1 Age-based weight estimation formula, on the other hand, does not require any additional equipment or resources, nor does it require the child to lie in the supine position. In fact, as the use of weight estimation formula does not require the physical presence of the child, it gives emergency department (ED) staff the opportunity to prepare appropriate medications and equipment in advance of the arrival of a critically ill child.
The most well-known weight estimation formula is the Advanced Paediatric Life Support (APLS) formula, which has been widely taught and used in Australia, Europe, and South Africa. 9 There are two proposed origins for the formula: one author suggested the formula was derived from post-war children in the United Kingdom (UK) in the 1950s 10 while the other suggested that it was derived from the United States census data in 1977.
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In any case, as the weight of children in the developed world has increased over recent decades, 12 the formu la has subsequently been found to underestimate weight of children in Australia, 2, 13, 14 Ireland, 10 the UK 5, 12, 15 and the United States. 3 The results have been more mixed outside the Western world, with the APLS formula found to underestimate weight in Trinidad, 16 and Singapore and India. 18 In response to the underestimation of weight by the APLS formula, Luscombe and Owens proposed a new formula in 2007. 12 The Luscombe formula, which was derived from ED data in the UK in 2005, has been shown to be more accurate than the APLS formula for weight estimation in Australia, 13 Ireland, 10 and the UK. 15 Consequently, the APLS formula was updated in 2011. In the updated APLS formula, the original APLS formula is used for children aged 1-5 and the Luscombe formula is used for children aged 6-12. 19 In 2007, Tinning and Acworth also proposed a new agebased weight estimation formula, the Best Guess formula, which was derived from ED data in Australia between 2001 and 2004. 20 The Best Guess formula has been shown to outperform the original APLS formula in several external validation studies conducted in Australia. [21] [22] [23] Never theless, as these commonly used weight estimation formulae were all derived from Western children, there has been concern that their performance may be different in non-Western populations. 11 This is particularly relevant to Hong Kong as 93.6% of its population is of Chinese ethnicity. 24 An age-based weight estimation formula, the Chinese Age Weight Rule (CAWR), has been derived based on a population survey conducted in healthy Hong Kong Chinese children. 1 However, when compared to the Hong Kong growth chart, the CAWR seems to underestimate weight in toddlers. The estimated weight from the CAWR is 8 kg for age 1 and 11 kg for age 2. However, the corresponding mean weight in the Hong Kong growth chart is 10.8 kg (boys) and 10.4 kg (girls) for age 1 and 13.0 kg (boys) and 12.2 kg (girls) for age 2, respectively. 25 The original APLS formula, which gives an estimated weight of 10 kg for age 1 and 12 kg for age 2, better estimates the weight of Hong Kong toddlers. The estimated weight for children in the CAWR and the original APLS formula are both 14 kg in children aged 3, which corresponds to the mean weight of 15.1 kg (boys) and 14.8 (girls) in the Hong Kong growth chart. 25 We therefore propose a new two-part weight estimation formula, the Chinese Age Weight Rule-3 (CAWR-3), in which the original APLS formula is used for children aged 1-3 and the CAWR is used for children aged 4-12.
Neither the updated APLS formula, the Best Guess formula nor the CAWR-3 has been evaluated in Hong Kong, and the CAWR has not been evaluated in an external validation study. The aim of this study is therefore to evaluate and compare the accuracy and precision of different age-based weight estimation formulae in Hong Kong children in the emergency context. 
Methods

Study design and setting
Study population and data collection
The ED charts of all children aged 1-12 who presented to the ED during the 6-month study period were retrieved and reviewed. Children were excluded if their weight were not recorded in the ED charts. For children who had multiple ED attendances during the study period, only the first recorded weight was included. The actual weight of the child was measured using a Seca 770 digital scale (SecaGmbH, Hamburg, Germany) in the ED to the nearest 0.1 kg. The weight measurements were obtained and recorded by ED nurses during triage.
Weight estimation
The estimated weight of the child was calculated using five different existing age-based weight estimation formulae as well as a new two-part formula, the CAWR-3, which incorporates the original APLS formula for age 1-3 and the CAWR for age 4-12 (Table 1) . Age (in years) refers to the age of the last birthday of the child. To detect a 5% difference between the actual weight and the estimated weight, assuming the probability of level of statistical significance to be 0.05, the power of the study to be 0.9, and the expected standard deviation of difference be 30%, a minimal sample size of 381 children is required.
Outcome measures
The primary outcome measure was the accuracy and precision of the different age-based weight estimation formulae against the actual weight of Hong Kong children presenting to the ED.
Data analysis
The accuracy and precision of the different age-based weight estimation formulae were evaluated using (1) Bland-Altman analysis which measures accuracy by means of estimation bias (mean percentage difference) and precision by means of 95% limits of agreement (LOA), 26, 27 (2) root mean square error (RMSE), which is a composite measure of both accuracy and precision and (3) proportions of estimated weights within 10%, 15% and 20% of actual weight, which is a composite measure of both accuracy and precision.
The MPD and the 95% LOA were determined for each of the weight estimation formulae. Bland-Altman plots were constructed to represent the estimation bias and the 95% LOA graphically. Proportions of weight estimates within 10%, 15%, and 20% of actual weight were calculated for each of the weight estimation formulae. Repeated measures ANOVA with Bonferroni correction for post-hoc pairwise comparison was used to compare the MPD amongst different age-based weight estimation formulae. Chi-squared test was used to compare proportions of weight estimates within 10%, 15%, and 20% of actual weight. The sample was also split into two age groups (age 1-3 and age [4] [5] [6] [7] [8] [9] [10] [11] [12] for subgroup analysis. Data analyses were performed using IBM SPSS software version 21.0 (IBM Corp., Armonk, New York, United States). Stata 13.1 (Stata Corporation, College Station, Texas, United States) was used to generate the Bland-Altman plots. A p-value of less than 0.05 was considered significant.
Results
There were 4929 children between 1 and 12 years of age who attended the ED with a total in 6236 ED attendances during the study period. Of these, 329 (6.7%) children were excluded as their weight was not recorded in the ED charts. Hence, the remaining 4600 children (2643 boys and 1957 girls) were included the final data analysis (Figure 1 ). The median age was 4 years (interquartile range: 2-4 years) and the mean age was 4.63.1 years. The mean weight was 19.910.2 kg. There were 2123 children (46.2%) aged 1-3 and 2477 children (53.8%) aged 4-12. Of the 4600 children, 4114 had their ethnicity recorded for which 3912 (95.1%) of them were Chinese, followed by 84 Pakistanis (2.0%) and 42 Indians (1.0%).
The percentage of children with weight measured for each triage category is shown in Table 2 . Out of the 61 critically ill children (triage categories 1 and 2) who attended the ED during the study period, 29 of them (47.5%) had their weight recorded. In contrast, 93.1% of the clinically stable children (triage categories 3 to Figure 1 . Study flow chart.
ED=emergency department 5) had their weight measured in the ED. Clinically stable children were more likely to have their weight measured than those who were critically ill (p<0.001).
The overall, age-specific and age-group MPD and the 95% LOA of the six weight estimation formulae are shown in Table 3 . The original APLS formula underestimated weight across all ages especially in children 8 years old and above whereas the Luscombe formula tended to overestimate weight in children especially between 4 and 8 years old. The updated APLS formula underestimated weight in younger children (age 1-5) and overestimated weight in older children (age 6-12). The CAWR considerably underestimated weight in toddlers aged 1-3. Table 3 shows that the updated APLS formula had significantly (p<0.001) less overall estimation bias (MPD: +0.1%; 95% LOA: -39.8% to 40.1%) in comparison with the other five age-based weight estimation formulae: the CAWR-3 (MPD -0.7%; 95% LOA -37.5% to 36.1%, the CAWR (MPD -5.2%; 95% Figure 2 . Table 4 shows the CAWR-3 had the smallest overall RMSE of 4.90 kg in age 1-12 and was followed by the updated APLS formula (4.98 kg), Luscombe formula (4.99 kg), CAWR (5.06 kg), Best Guess formula (5.06 kg) and the original APLS formula (6.27 kg). The CAWR-3 also had the smallest RMSE in age 4-12 (6.33 kg). Table 5 shows that in age 1-12, the CAWR-3 and the o r ig in al A PL S fo r mula est imat ed t h e la r ges t proportions of weight estimates with 10%, 15% and 15% actual weight. In age 4-12, the CAWR-3 had a significantly larger proportion of weight estimates within 15% of actual weight when compared to the original APLS formula (p<0.05). In age 1-3, the CAWR-3 estimated a significantly larger proportion of weight when compared to the Luscombe formula (p<0.05).
Discussion
There is a need of an accurate and precise weight estimation method for use in ED. This is particularly relevant in critically ill children as they are less likely to have their weight measured when compared to clinically stable children. In our study, less than half of the critically ill children (47.5%) had their weight measured. This is in line with the findings of a previous study in the UK in which only one-fifth (20.6%) of the critically ill children had their weight recorded. 12 The large number of critically ill children without weight measurement underscores the need for a rapid, simple and reliable method of weight estimation for use in children in emergency context.
In our study, the original APLS formula was observed to underestimate weight across all age groups. This is consistent with the findings reported in Western populations. 13 In contrast, the mean underestimation was only 7.6% in Singapore 17 and 8.3% in our population. We observed that the orig inal APLS formula progress ively underestimates weight as the age of the child increases. This trend is consistent in both Western 10, 12, 15 and Asian children. 17 The original APLS formula estimated only 20.0% of weight within 10% of actual weight in Australia. 14 In comparison, the original APLS formula performed better in Asian children in which it estimated 44.6% and 45.7% 17 children within 10% of actual weight in our study and in Singapore, respectively.
The Luscombe formula, on the other hand, was observed to overestimate weight in all age groups except one year old in our study with an overall mean overestimation of 7.0%. This is comparable to the find in gs in Sing ap ore, in whic h th e f or mu la overestimated all age groups except age 1-2 with a mean overestimation of 7.4%. 17 In contrast, the Luscombe formula was found to underestimate weight in Western children, with a mean underestimation of 2.5% 12 and 6.9% 15 in the UK, 3.1% in Australia, 13 and 4.0% in Ireland. 10 The Luscombe formula overestimated weight to the greatest extent in children between 4 and 8 years old in our population. This is in line with previous findings in both Western 10, 12, 15 and Asian children. 17 The Luscombe formula estimated 25.5%, 14 37.7% 17 and 39.8% of children within 10% of actual weight in Australia, Singapore, and our study, respectively.
The Best Guess formula was observed to overestimate weight across all age groups with an overall mean overestimation of 10.9%. The overestimation is comparable to the findings in the literature, in which the Best Guess formula was found to moderately overestimate weight, 22 with an overestimation ranging from 4.2% to 6.3% in external validation studies in Australia. 21 ,23 The updated APLS formula has been evaluated in an Australian study which showed that the updated APLS formula (mean difference -1.14 kg) was more accurate than the original APLS formula (mean difference -5.76 kg) and the Luscombe formula (mean difference -2.18 kg). 14 In our study, the updated APLS formula was observed to have a tendency to underestimate weight in younger children and overestimate weight in older children, reflecting the performance of the underlying original APLS formula (age 1-5) and the Luscombe formula (age [6] [7] [8] [9] [10] [11] [12] . In terms of proportions of estimated weights within 10% of actual weight, the updated APLS formula performs better in our population when compared to Western children: the updated APLS formula estimated 42.9% of our children but only 25.1% 14 of Australian children within 10% of their actual weight.
The average weight of Hong Kong children has been increasing over the past few decades in common with Western children. 25, 28 Our study showed that Hong Kong children could have outgrown the original APLS formula (which underestimated weight in our population) but have not reached the weight estimate of the Luscombe formula or the Best Guess formula (which overestimated weight in our population).
The Chinese Age Weight Rule (CAWR), which was derived from a population survey in healthy Hong Kong Chinese children in [2008] [2009] 1 performed well in the subgroup of children aged 4-12 with the least e s t im a t i o n b i a s ( M P D + 3 . 2 % ) a n d s m a ll e s t RMSE (6.33 kg). However, the CAWR substantially underestimated weight in toddlers with an MPD of -15.1% in children aged 1-3. We observed that the The Chinese Age Weight Rule-3 (CAWR-3), a new twopart weight estimation formula in which the original APLS formula is used for age 1-3 and the CAWR is used for age 4-12, was shown to outperform all the five existing weight estimation formulae. It had the least estimation bias in age 4-12 (MPD +3.2%) and the second least overall estimation bias with an MPD of -0.7%. The CAWR-3 had the narrowest 95% LOA range of 45.5% (95% LOA -32.6% to 21.9%) in children age 1-3 and the second narrowest 95% LOA range of 73.6% (95% LOA -37.5% to 36.1%) for all children age 1-12. In addition, the CAWR-3 had the smallest RMSE (4.90 kg) in children age 1-12 and the smallest RMSE in children age 4-12 (6.33 kg). The CAWR-3 also had the highest proportion of weight estimates within 10%, 15% and 20% of actual weight.
Limitations
There are several limitations in this study. Firstly, the study population was taken from a single ED site and the results may not be reflective of the entire population of Hong Kong. However, as the weight measurements obtained in this study are comparable to that of the territory-wide growth survey conducted in Hong Kong, 25 we believe the results of this study should be applicable to all Hong Kong children. Secondly, there is a selection bias in this study as less critically ill children had their weight measured as compared to the clinically stable children.
Thirdly, the cut-off proportions of weight estimates within actual weight are arbitrary and not universally agreed upon. Most authors used 10% as a cut-off, 14, 17 but it has been argued that a margin of up to 20-30% is acceptable without affecting the safety or efficacy of resuscitation. 1 However, as our result is consistent across different cut-off percentage proportions it does not affect our conclusions.
Finally, we have not compared the accuracy and precision of age-based weight estimation formulae to the length-based weight estimation method such as the Broselow tape, which has been suggested to outperform age-based formulae in some of the studies. 4, 17, 29 The Broselow tape estimated 61.5% and 91.3% of Hong Kong children within 10% and 20% of actual weight. 7 In contrast, the CAWR-3 only estimated 45.2% and 76.7% of Hong Kong children within 10% and 20% actual weight in this study. Further studies should be conducted to compare the performance of age-based weight estimation method against length-based weight estimation method such as the Broselow tape and the mid-arm circumference in Hong Kong children. 30 
Conclusion
This study evaluated the performance of five existing age-based weight estimation formulae and described a new formula, the CAWR-3, for use in Hong Kong children presenting to the ED. The CAWR-3, a twopart formula in which the original APLS formula is used for children aged 1-3 and the CAWR is used for children aged 4-12, outperforms the existing five weight estimation formulae. We would recommend the use of CAWR-3 over the existing age-based weight estimation formulae in Hong Kong children aged 1-12 presenting to the ED.
